Abstract-Wearable AR/VR displays have a long history and earlier efforts failed due to various limitations. Advances in various sensors, optical technologies, and computing technologies renewed the interest in this area. AR glasses can be the new computing platform and potentially replace smart phones but there are some challenges ahead. We have been working on various wearable display architectures and here we summarize our efforts on laser MEMS scanning displays, head-mounted projectors, and holographic near-eye displays.
INTRODUCTION
Our group has been working on developing novel headmounted augmented reality display architectures. In section A, MEMS based pico-projector technology is reviewed and our microlens array based, transparent, bidirectional screen is discussed. In section B, highly efficient, pinhole imaging based near eye display architecture is introduced. In section C, our holographic head mounted display is discussed and some experimental results are shown. In section D, our novel transparent retro-reflector screen is discussed.
II. AUGMENTED REALITY DISPLAY ARCHITECTURES

A. Focus-free Displays using Laser Scanning
MEMS scanners coupled with red, green and blue lasers form the basis of miniature color projector, also known as pico-projector. RGB beams are individually modulated and combined to form a single narrow beam. This narrow beam is scanned by the MEMS scanner in two dimensions to create an image on the projected surface. Since the scanning rate is very fast the eye integrates the scanned pixels and a continuous image is seen due to persistence of vision. MEMS scanner and lasers can be packed in a small volume, which means the pico-projectors can be fitted into many consumer goods like cell phones as illustrated in Fig.1 [1] .
Conventional projectors create the projected content on an internal flat-panel microdisplay and complex lens systems are used to optically magnify and image the microdisplay to the projection screen . Laser scanning based pico-projectors are focus-free, i.e. the projected content is always in focus regardless of its distance from the projector. Therefore no optical imaging is required to project the content, which contributes to its compactness. Pico-projectors, being hand-held consumer devices, are strictly regulated to have low lumen output (~ 20 lm), due to laser safety. This requires special projection screens with optical gain to be utilized to achieve adequate brightness under bright ambient conditions. We developed a novel microlens array (MLA) based transparent projection screen that has a gain of 3 and it can be projected from two sides simultaneously without any interference, as shown in Fig 978-1-5386-4707-3/18/$31.00 ©2018 IEEE Fig. 3 . Focusing the light source at the eye pupil reduces the effective aperture size of the eye, creating a pinhole imaging effect. As a result the refractive power of the eye lens becomes negligible and the eye can see object closer than its near-point.
B. High Efficiency Focus-free Pinhole Displays
Human eye has limited refractive power, it cannot focus to distances closer than about 20cm, which is called the near-point of the eye [4, 5] . This fact imposes a major challenge on head-mounted displays since relay optics is needed between the display and the eye. One way of skipping the necessity of relay optics is using pinhole imaging, via which infinite depth of focus images can be created, overcoming the refractive limit of the human eye [6] .
Instead of placing a physical pinhole in front of the eye we use a lens to focus the illumination beam at the pupil, which effectively creates the pinhole effect as illustrated in Fig. 3 . An LED is used as the light source, which is focused on the eye pupil. A transparent display is placed on the converging beam path. Due to pinhole imaging, a sharp image of the transparent display is created on the retina. Fig. 4 . Experimental verification of the pinhole display concept. A resolution chart is placed 75mm away from the camera that is focused at 20cm. The figure on the left shows that a sharp image cannot be created for objects that are closer than the near-point of the eye. On the right, a sharp image is created for the same setup, utilizing the pinhole display. Fig. 5 . A near to eye holographic display developed in our lab. Dices are real objects, and texts are virtual objects created by the display. Note that each virtual object appears in or out of focus along with the corresponding real object, verifying that holographic displays deliver correct accommodation cues. Fig. 4 shows the experimental results of our pinhole display. A camera is focused at 20cm and its aperture is set to 3mm so that it has parameters similar to a human eye. A resolution chart is placed 75mm away from the camera. On the left the image shows the blurring effect due to lack of refractive power, because the object is closer than the nearpoint of the eye. On the right the same resolution chart is illuminated with a converging beam that is focused on the camera lens. As seen in the figure a sharp image is created on the CCD plane. This architecture has two major advantages. One of them is it makes it possible to place a display closer than the nearpoint of the human eye, enabling compacter head-mounted displays to be built. The second advantage is this architecture is very energy efficient. Since all the light transmitted by the display enters the eye, very low power LEDs are sufficient to provide very bright images.
C. Holographic Near to Eye Displays
Despite their simple architecture and compactness, pinhole imaging based near to eye displays have the significant drawback that resolution is severely limited. Holographic displays, with their ability to deliver true object waves generated by computer generated holograms (CGHs) displayed on spatial light modulators (SLMs) can overcome the resolution limitation while preserving compactness, light efficiency and wide FOV. In addition, CGHs provide natural depth cues, including correct focus information. Therefore, CGHs are resilient to visual discomfort triggered by accommodation convergence conflict. Fig. 6 . a) Pico-projectors are mounted on the head and a transparent retroreflector screen is projected on. Since retro-reflects reflect the light to its source, nothing can be seen from the sides, therefore they are very good privacy screens. b) The view of the retro-reflector screen from the viewer's position. Despite noting can be seen from the sides the viewer sees a very bright image. c) The screen consists of hexagonally placed blobs of retroreflector beads. The free-space between the blobs provide the transparency of the screen.
Currently, the potential benefits of holographic displays are impeded by limited the spatial modulator technologies. CY Vision, which is a spin-off from our lab, has been developing novel fast algorithms and SLM technologies with the target of achieving the full potential of holographic near to eye displays.
D. Head-mounted Projection Displays using Transparent
Retro-reflective Screen Retro-reflectors reflect back the incident light back to its source. Using them with pico-projectors makes them a very efficient projection screen. We place two pico-projectors next to each eye as shown in Fig. 6a . The retro-reflector screen reflects back the projected light and each eye captures the nearest projector. Since most of the light is reflected towards the eye, the screen not only offers high optical gain but also provides different contents to two eyes at the same time, which makes it possible to deliver 3D content [7, 8] .
We built a novel transparent retro-reflector screen as seen in Fig. 6b . We used small retro-reflector beads, mixed them with epoxy and applied it on a piece of glass with a stencil. As a result we get a half-toned retro-reflector screen as seen in Fig. 6c . The part with beads provide the retroreflective character and the clear region between the blobs provide the transparency [9, 10] . Augmency Inc, which is a spin-off from our lab, has been developing products based on head-mounted projector and transparent AR screens.
III. CONCLUSION
Augmented reality displays, either in near to eye or transparent screen configurations, will provide an unprecedented experience in human-computer interaction, significantly enhancing the information we extract from our world. Following the miniaturization trend in optics and sensor technologies, practical augmented reality displays are now much closer than they have ever been.
